) is overlaid on top of the global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009 ). Circles show the locations of historical earthquakes with magnitudes larger than 5 documented on the SHEEC catalogue (1000-1899) (Stucchi et al. 2013; Locati et al. 2014 ). Circle's radius correlates to earthquake magnitudes. The dates and magnitudes of earthquakes with magnitudes larger than 6 are displayed. Earthquakes with unknown magnitudes are identified as 'M?' (no circles are displayed in this case). The location of offshore earthquakes that occurred in the historical period have high uncertainties. Potentially active faults identified on the SHARE database (Basili et al. 2013; Vilanova et al. 2014) are shown in red. (d) Map of potentially active faults. Red: faults identified on the SHARE database (Basili et al. 2013; Vilanova et al. 2014) . Thick red lines mark the surface traces of the faults and shaded rectangles mark the surface projections of the fault planes. Green: surface traces of the faults identified by Cabral (2012) . Blue: offshore features after Duarte et al. (2013) lies directly north of the boundary between the Eurasian and Nubian plates. Locally, the two plates converge obliquely at a low rate of 2-5 mm yr −1 (Fernandes et al. 2007; Serpelloni et al. 2007; Nocquet 2012) . Mainland Portugal lays on stable continental crust, in a typical intraplate setting (Pinheiro et al. 1996; Vilanova & Fonseca 2007) . The region offshore southwest Iberia is considered a diffuse plate boundary, where plate motion is thought to be accommodated along a distributed fault network rather than along a single plate boundary fault (Grimison & Chen 1986; Sartori et al. 1994; Terrinha et al. 2009; Zitellini et al. 2009 ). Nevertheless, throughout history Portugal has been repeatedly affected by notably large and damaging earthquakes, nucleated both onshore and offshore (Fig. 1) . These include the largest earthquake in the European historical recordthe 1755 great Lisbon earthquake (M8.5-8.7, nucleated offshore), the 1969 M7.9 earthquake, also nucleated offshore (Fukao 1973) , and some of the largest European intraplate earthquakes, namely the 1531 M6.5-7.1 Lower Tagus Valley earthquake, the 1858 M6.8-7.2 Setúbal earthquake, and the 1909 M6 Benavente earthquake (Stich et al. 2005) . The various proposed magnitudes for the historical earthquakes, as well as intensity data points, can be found in the AHEAD web portal: http://www.emidius.eu/ahead/main/ (Stucchi et al. 2013; Locati et al. 2014) . The region also hosts interesting offshore earthquakes that occur at depths of 40-60 km on old, cold and brittle lithospheric mantle (Grimison & Chen 1986; Stich et al. 2003 Stich et al. , 2010 Geissler et al. 2010; Custódio et al. 2012; Domingues et al. 2013) .
The tectonic features of WIberia are closely related to the accretion of Pangea (Paleozoic), to its subsequent break-up (Mesozoic), and to the more recent collision of Africa against Eurasia and closure of the Tethys ocean (Cenozoic) (Ribeiro et al. 1979; Pinheiro et al. 1996; Dias et al. 2013) . The basement of the Iberian peninsula is composed of blocks of different provenances that were amalgamated together during the closure of Pangea, and metamorphosed to different degrees at the core of the Variscan orogen, a largescale mountain belt that extended across Europe and connected to the Appalachian Mountains in the west and to the Urals in the East (Arthaud & Matte 1977; Matte 1986 ). Remnants of oceanic seafloor can be found trapped between some of the continental blocks. The Variscan orogeny was responsible for the formation of major faults in mainland Portugal, which were later repeatedly reactivated under different stress regimes (Ribeiro et al. 1990; Cabral 2012) . Today, some of these inherited structural weaknesses still host both frequent small earthquakes and infrequent large earthquakes (Vilanova & Fonseca 2007; Cabral 2012) . During the break-up of Pangea, a series of rifting episodes separated Iberia both from Africa and North America, leading to the opening of the Atlantic-Tethys seaway and of the North Atlantic ocean, respectively (Pinheiro et al. 1996) . During this period, the Algarve-Guadalquivir and Lusitanian basins formed at the southern and western borders of mainland Portugal, respectively (Fig. 1) . Rifting occurred without extensive volcanism, and therefore the Portuguese margin is commonly classified as a nonvolcanic rifted margin (Pinheiro et al. 1996) . Both transition and oceanic crust were then created offshore Portugal. Finally, the closure of the Thetys ocean by collision of the African plate against Eurasia created a regional compressive field that caused the reactivation of some of the existing structures, both onshore and offshore (Ribeiro et al. 1990; Rasmussen et al. 1998; Zitellini et al. 2004; Terrinha et al. 2009 ). At present, a transpressive regime governs the deformation of WIberia, with the Eurasia plate moving in oblique northwest-southeast (NW-SE) convergence with respect to Nubia (de Vicente et al. 2008; Nocquet 2012 , and references therein).
In its post-rift history, WIberia behaved essentially as one single tectonic unit. Mainland Portugal was affected by limited Mesozoic and Cenozoic orogenic processes; its present tectonic activity cannot be straightforwardly associated with plate boundary processes; it was not affected by significant Neogene rifting, volcanism, or convergence; and current heat flow is low to average (Pollack et al. 1993; Fernàndez et al. 1998) . Geodetic Global Satellite Navigation System (GNSS) data show that WIberia is moving attached to stable Eurasia, with no significant intraplate deformation (Fernandes et al. 2007) . Serpelloni et al. (2013) recently showed that WIberia may be slowly subsiding in an absolute reference frame at a rate under 1 mm yr −1 , although more stations in WIberia are needed to confirm this result. The attenuation of seismic waves in mainland Portugal is low, similar to the attenuation observed in other stable continental settings, for example in the eastern United States . According to these observations, mainland Portugal lays on stable continental crust, in a typical intraplate setting (Johnston 1989; Vilanova & Fonseca 2007) .
The region offshore southwest Iberia has been intensively studied in the last decades, both on account of its tectonic relevance, at the western end of the Alpine collision system, and of its seismogenic and tsunamigenic potential (e.g. Zitellini et al. 2009; Sallarès et al. 2011; Gutscher et al. 2012; Matias et al. 2013) . It lies in the transition between a purely strike-slip domain to the west, where the long, linear, oceanic Gloria fault acts as the boundary between the Eurasian and Nubian plates, and the Mediterranean convergent arcs to the east (Buforn et al. 1988; Serpelloni et al. 2007 ). The oceanic crust offshore Portugal is presently amongst the oldest in the world, dating back to 130-140 Ma (Pinheiro et al. 1996) . It shows several prominent topographic highs trending NE-SW, namely the Gorringe bank and the Coral Patch Seamount (Fig. 1) . These underwater mountains are thought to result from Cenozoic convergence between Nubia and Eurasia (Féraud et al. 1982; Sartori et al. 1994) . The details of Cenozoic plate convergence and its effect on the tectonic structures offshore SW Iberia remain under debate Rovere et al. 2004; Terrinha et al. 2009; Zitellini et al. 2009; Sallarès et al. 2011; Rosas et al. 2012; Duarte et al. 2013; Martínez-Loriente et al. 2014) . Based on GNSS and focal mechanism observations, Serpelloni et al. (2007) identified the region offshore SW Iberia as one of the compressive belts that currently accommodates the convergence between Nubia and Eurasia. Several faults showing evidence of Cenozoic activity have been identified S and SW of Iberia (Terrinha et al. , 2009 Zitellini et al. 2009; Gutscher et al. 2009; Duarte et al. 2013) , which together with disperse earthquake locations have led to the classification of this region as a diffuse plate boundary (Sartori et al. 1994) .
In spite of the large magnitude and severe damage caused by historical earthquakes, seismogenic faults in WIberia remain poorly characterized: the exact locations and geometry of some faults are still debated and few long-term slip rate data are available. The low tectonic deformation rates result in low rates of earthquake occurrence, rendering traditional instrumental seismic catalogues little representative of the seismogenic processes at work. Erosion, sedimentation and anthropogenic landscaping challenge geomorphological studies (Cabral et al. 2004; Besana-Ostman et al. 2012; Cabral et al. 2013) . Offshore, the characterization of the crustal structure has relied mostly on the acquisition of seismic reflection and refraction data (González et al. 1996; Maldonado et al. 1999; Zitellini et al. 2004; Afilhado et al. 2008; Sallarès et al. 2013; Martínez-Loriente et al. 2014) . These studies have contributed significantly to the identification of active faults, however they are limited both in terms of areal coverage and depth range. Focal mechanisms of moderate to large earthquakes have been thoroughly studied, both through first motion polarity and waveform modelling (e.g. Fukao 1973; Grimison & Chen 1986; Buforn et al. 1988; Borges et al. 2001; Stich et al. 2003 Stich et al. , 2010 Carrilho et al. 2004b; Geissler et al. 2010; Domingues et al. 2013) . However, the small number and strong heterogeneity of the available focal mechanisms, together with large hypocentral errors, have so far precluded the identification of individual active faults from passive seismic observations alone.
Dense seismic networks were deployed in the last years around the world (e.g. USArray, IberArray, AlpArray, etc.). Their data have been used to image the Earth's inner structure with unprecedented resolution (e.g. Diaz et al. 2010; Pavlis et al. 2012; Bezada et al. 2014; Palomeras et al. 2014) . In Portugal, the West Iberia Lithosphere and Asthenosphere Structure (WILAS) project, carried out simultaneously with the neighbour IberArray deployment in Spain, densely covered Iberia with broad-band seismic stations for 2 yr between 2010 and 2012 (Custódio et al. 2014) . In addition to allowing the imaging of the Earth's structure (Díaz et al. 2015; Dündar et al. 2015) , dense seismic deployments can also provide significantly improved images of the microseismicity. In this paper, we take advantage of the unique WILAS and IberArray data sets in order to obtain a detailed map of epicentres in WIberia. In order to obtain an extended temporal coverage, we analyse the entire Portuguese instrumental seismic catalogue, which contains earthquakes that occurred between 1961 and 2013.
The earthquake map presented in this paper is a first step towards a high-quality characterization of instrumental earthquakes in WIberia. We identify and provide tentative interpretations for earthquake clusters and lineations, which will be addressed in detail in future studies. We point regions of particular interest and outline important questions raised by the present seismicity map.
T E C T O N I C F E AT U R E S O F W E S T E R N I B E R I A
In this section we briefly describe the main tectonic features of WIberia and their origin. More detailed information can be found in the review works of Ribeiro et al. (1979 Ribeiro et al. ( , 1990 ; Pinheiro et al. (1996) ; Maldonado et al. (1999) ; Zitellini et al. (2009) ; Gutscher et al. (2012) ; Duarte et al. (2013) ; Dias et al. (2013) and references therein.
The Iberian Massif, which forms the basement of WIberia, is composed of rocks of Precambrian and Paleozoic ages, which were folded, thrusted and metamorphosed to different degrees during the Variscan orogeny. These rocks were intruded by large granitoid bodies both during and after the Variscan orogeny (Crowley et al. 2000) . This basement was uplifted and significantly eroded, currently outcroping over most mainland Portugal (Fig. 1) . In fact, the Iberian Massif exposes the largest continuous area of Variscan basement in Europe (Ribeiro et al. 1979; Quesada 1991; Simancas et al. 2003) .
In mainland Portugal, the Iberian Massif is composed of four major blocks with different characteristics and provenances, from NE to SW: the Galicia-Trás-os-Montes zone (GTMZ), the Central Iberian zone (CIZ), the Ossa-Morena zone (OMZ) and the South Portuguese zone (SPZ) (Lotze 1950; Ribeiro et al. 1979; Quesada 1991; Pinheiro et al. 1996; Tait et al. 1997; McKerrow et al. 2000; Simancas et al. 2001 Simancas et al. , 2003 Fernàndez et al. 2004) . The northernmost block, the GTMZ, is an exotic terrain of allochthonous units that exhibits some high-pressure rocks and metamorphism, including ophiolitic rocks. To its south, the CIZ is thought to have belonged to Gondwana and is composed of metamorphosed Precambrian and Paleozoic rocks, intruded by large volumes of granitoids. The OMZ lays south of the CIZ and is also composed mostly of Precambrian to early Paleozoic rocks, namely metamorphosed sediments and volcanic and plutonic rocks. The suture zone between the CIZ and the OMZ presents highly deformed and metamorphosed rocks, as well as some mafic rocks. The southernmost unit, the SPZ, is thought to have belonged to Avalonia and is composed of Paleozoic rocks, mostly sediments that were folded and thrusted, little affected by metamorphism. The contact between the SPZ and OMZ is a region that displays oceanic rocks (ophiolites with metabasalts, metagabbros and ultrabasic rocks), potential remnants of an accretionary prism (metasediments) and turbiditic sediments interbedded with continental volcanic rocks.
The break up of Pangea began in the Central African margin in the Triassic and then propagated both southwards and northwards. The rifting of Iberia from Africa and North America, occurred by transtensional and extensional tectonics, respectively, in a sequence of pulses (Wilson 1975; Srivastava et al. 1990; Maldonado et al. 1999) . It resulted in the formation of the Algarve (south Portuguese margin) and Lusitanian (western Portuguese margin) basins, and opened the Atlantic-Tethys seaway and the North Atlantic ocean, respectively (Rasmussen et al. 1998; Maldonado et al. 1999; Terrinha et al. 2002) . The basins created by rifting and subsequent thermal subsidence were filled with pre-and syn-rift deposits, of continental (lower to middle Triassic) and marine (middle Triassic onwards) origins, respectively. The rift process appears to have been controlled at least partly by fractures of the Variscan basement (Wilson 1975; Ribeiro et al. 1990; Pinheiro et al. 1996) . Little volcanism took place during rifting, from late Triassic to early Jurassic. Seismic reflection studies indicate that the continent-ocean transition region offshore mainland Portugal consists of a very thin to nonexistent crust, which lies above a fairly thick layer of high P-wave material that is interpreted as exhumed, fractured and serpentinised upper mantle (Pinheiro et al. 1996; Afilhado et al. 2008; Sallarès et al. 2011 Sallarès et al. , 2013 .
Seafloor spreading magnetic anomalies keep record of the motion of Iberia since the Cretaceous, when rifting gave place to actual drifting and oceanic crust started to form (120 to 140 Ma) (Srivastava et al. 1990; Roest & Srivastava 1991) . Accordingly, Iberia first moved as an independent plate, rotating counterclockwise with respect to Eurasia and opening the gulf of Biscay, while also separating from Africa and North America (Cretaceous, 120 Ma-84 Ma).
Between the Late Cretaceous (70 Ma) and Middle to Late Eocene (42 Ma), Iberia is thought to have moved attached to Africa, with the Africa-Eurasia boundary lying north of Iberia in the gulf of Biscay. In the Late Cretaceous to Early Tertiaty, subvolcanic complexes were emplaced in mainland Portugal in Sintra, Sines and Monchique (Ribeiro et al. 1990) . Between Late Eocene (42 Ma) and late Oligocene (23 Ma), Iberia moved again as an independent plate. Finally, since late Oligocene (23 Ma) Iberia started to move attached to Eurasia, and the Eurasia-Africa plate boundary shifted to its present position south of Iberia, along the Azores-Gibraltar fracture zone.
After rifting, three main Cenozoic compressive episodes related to the closure of the Tethys ocean are thought to have affected WIberia . The first event occurred during the Upper Cretaceous to Eocene and is associated with the uplift of the Pyrenean-Cantabrian chain (NE Iberia). The second event occurred later, during the Miocene, and is associated with Nubia-Iberia convergence and rollback of a lithospheric slab in the western Mediterranean. This slab roll-back led to the uplift of the Betics (SE Iberia) and formation of the Alboran sea by extension (Lonergan & White 1997; van Hinsbergen et al. 2014 , and references therein). The third episode is related to the current converge between Iberia and Nubia. Examples of structures uplifted onshore during the Cenozoic are the Central Cordillera, the Montejunto-Candeeiros-Aire range, and the Arrábida chain (Ribeiro et al. 1990; Rasmussen et al. 1998; Kullberg et al. 2000) . Offshore, the uplifted sea banks and thrust faults that disturb the abyssal plains are interpreted as evidence of these past compressive events and ongoing convergence between Eurasia and Nubia (Féraud et al. 1982) .
DATA A N D M E T H O D S
Earthquakes that occur in mainland Portugal and adjacent offshore are routinely recorded and analysed by Instituto Português do Mar e da Atmosfera (IPMA), the institution responsible for seismic monitoring in Portugal. IPMA's instrumental seismic catalogue contains the hypocentres, origin times and magnitudes of earthquakes that occurred since 1961 (Pena et al. 2014; Carrilho et al. 2004a) . The catalogue relies on data recorded by the national seismic network, operated by IPMA (network code PM), complemented by data recorded by other networks that operate in the region (currently networks IP, LX, WM, SS, GE, ES, MO, MN). The catalogue is improved in the period 2010-2012 by the use of additional data collected by the temporary WILAS and IberArray dense deployments (networks 8A and IB, respectively) (Díaz et al. 2010; Custódio et al. 2014) .
Between 1961 and 2013 the quality and density of the Portuguese seismic network evolved significantly (Fig. 2) . In addition, the operational procedures for the transmission, recording and analysis of seismic data also evolved (Senos & Carrilho 2003) . Consequently, the seismic catalogue shows different characteristics during the 53-yr time span of instrumental record. Between 1961 and 1969 only three stations operated in Portugal. They were equipped with different types of seismometers: WWSSN-type short-and long-period sensors and other electromagnetic and mechanical sensors (see e.g. Custódio et al. 2012) . After the occurrence of a M S 7.9 earthquake in 1969, the national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal. Some of these stations recorded data locally, while others transmitted data via radio to central stations. After the occurrence of an M S 7.9 earthquake in 1969, the national seismic network was upgraded with the deployment of analogue stations geographically distributed throughout mainland Portugal (a, green triangles). In 1994, the first digital stations were deployed, which complemented the analogue network (b, orange triangles). In 1996, seven additional short-period stations were installed in southern Portugal within the scope of the TransFrontier project (b, orange triangles in southern Portugal). Currently, Portugal is densely covered with broad-band seismic stations (c, blue triangles) and short-period stations (c, grey triangles). Between 2010 and 2012, the permanent network was complemented by a dense temporary deployment of broad-band stations (c, red triangles). Earthquake epicentres recorded in (d) 1961-1995, (e) 1996-2008 and (f) 2009-2013 . Earthquake epicentres collapse into clusters and lineations as the network evolves and the quality of epicentral locations improves. the first digital stations, which complemented the analogue network. Short-period digital sensors (0.2-40 Hz, 120 dB) were then deployed across the country. In 1996, 7 additional short-period stations (1 Hz, 72 dB) were installed in southern Portugal within the scope of the TransFrontier project (discontinued in 2000). These data were sent in real-time to a central station via radio, and from there to IPMA's central laboratory in Lisbon via telephone line. In 1997, the first broad-band (BB) station was installed in Portugal (station MTE, network GE). (Custódio et al. 2014) .
Since 2008, incoming real-time seismic data is analysed at IPMA using Seisan (Havskov & Ottemöller 1999) , which automatically detects possible earthquakes based on a long-term average to shortterm average (LTA/STA) filter. When an event is detected, the operator confirms or corrects automatic picks, which are used to obtain a preliminary location. The method used for earthquake location is Hypocentre (Lienert et al. 1986; Lienert & Havskov 1995) , as distributed in Seisan and optimised for operational monitoring at IPMA. Hypocentre implements Geiger's method, which uses a linearised least-squares approach to solve the inverse problem of finding the earthquake's hypocentre and origin time given arrival times of different seismic phases at different recording stations. The inversion for earthquake location and origin time requires a description of the medium through which seismic waves propagate. Hypocentre uses a simplified 1-D (i.e. layered) description of the medium. In order to account for the differences in the propagation of seismic waves in continental, transition and oceanic crust, three different 1-D models are used for the three different domains: IGN, IMG and GSM, respectively (Fig. 3 , Supporting Information Table S1 ). These 1-D velocity models are quite similar to the 1-D models currently used for regional waveform modelling (e.g. Stich et al. 2003; Domingues et al. 2013) . Models IMG and IGN correspond to transition and continental crust, respectively, and are very similar. The only difference between them is that the IMG model is slightly faster than the IGN model at depths between 31 and 90 km. Model GSM, used for oceanic crust, is significantly faster than both the IMG and IGN models down depths of 31 km. A preliminary earthquake location is computed based on the IMG model. The final earthquake location is obtained using the Earth model that corresponds to the preliminary epicentre of the earthquake. All three velocity models assume a constant Poisson ratio of V P /V S = 1.75, where V P and V S are the speed of P and S waves in the medium, respectively. In the cases when the earthquake depth is not well resolved, that is, when the difference between observed and predicted arrival times is insensitive to the change of depth, earthquake depth is fixed at 10 or 31 km, depending on which value fits better the observed arrival times. Poorly resolved earthquakes depths are a common feature of offshore events.
Stations of the WILAS and IberArray temporary dense deployments recorded data locally. Therefore all seismic data (recorded both by permanent and temporary stations) were reanalysed after all data were collected. In order to detect small magnitude events during the period of the dense deployments, we adopted a procedure based on the computation of full-day network spectrograms (Vales et al. 2014) . Network spectrograms are 24-hr images of the seismic energy recorded on the network, in which each row displays the spectrogram of the data recorded at one station and component of ground motion. We searched for coherent bursts of seismic energy recorded simultaneously across the whole network, which signal either earthquakes or explosions. The network spectrogram method facilitates the recognition of small magnitude events. Fig. 4 shows a network spectrogram built with data recorded at 24 stations in southern Portugal. Each coloured horizontal row is the 24-hr spectrogram of vertical ground velocity recorded at one station, bandpass-filtered in the 1-25 Hz frequency range. The seven coherent vertical lines marked with blue arrows signal events detected using the available real-time data. The two events marked with red arrows are detections of new events.
The detection of new events based on the analysis of network spectrograms was performed for data recorded during 2010 only. This method was not applied to the remaining duration of the dense deployments (2011 and 2012) because it became unfeasibly time consuming given the large data volumes and also because most newly detected events corresponded to low-energy signals, many of which were identified as explosions. All earthquakes that occurred during the dense deployments (2010-2012) were relocated taking into account the arrival times of seismic phases at all seismic stations, both permanent and temporary, using the same Seisan/Hypocentre method described before and used by IPMA for real-time earthquake location.
The Portuguese earthquake catalogue reports local magnitudes (M L ) for all earthquakes that occurred after 1995 (Carrilho & Vales 2009 ). Between 1961 and 1995 the catalogue reports a mix of local magnitudes (M L ), duration magnitudes (M D ) and body-wave magnitudes (M B ). Approximately 60 per cent of the local and regional events detected by the Portuguese seismic network are quarry blasts. The discrimination between earthquakes and explosions is performed manually by seismic operators based on the visual inspection of waveforms. Local events characterized by relative highamplitude P waves, low-amplitude S waves, and displaying prominent surface waves are classified as explosions and excluded from the earthquake catalogue. The timing of the events is also taken into account by the operators, as quarries often carry out their blasts at specific times. Fig. 5 and Supporting Information Fig. S1 show the evolution of the instrumental seismic catalogue. Fig. 5(a) shows the evolution of the completeness magnitude, computed from the departure from the linear frequency-magnitude relationship of subsets of earthquakes in the catalogue (Wiemer & Wyss 2000; Wiemer 2001) . Specifically, we use moving windows of 500 earthquakes. The completeness magnitude dropped from ∼3.3 in 1975 to below 1.5 in 2013. The small number of earthquakes recorded before 1975 does not allow a robust assessment of the completeness magnitude in that period (using a moving window of 500 events). Fig. 5(b) shows that the rate of recorded earthquakes increased consistently throughout time. Supporting Information Fig. S1(a) evidences that the number of high-magnitude earthquakes in the catalogue remains rather stable in time. The number of low-magnitude earthquakes in the catalogue increases considerably throughout time and the minimum magnitude of earthquakes drops. Supporting Information Fig. S1 (a) also shows that the highest-magnitude event in the catalogue is the 1969 M S 7.9 earthquake. The next largest events in the catalogue have magnitudes equal to or lower than 6. Supporting Information Fig. S1(b) shows that both the minimum and maximum number of phases used to locate earthquakes have increased in time, with the maximum number of phases showing a very significant increase. Supporting Information Figs S1(c)-(f) show that the minimum epicentre-station distance, azimuthal gap, area of 90 per cent confidence ellipse and solution misfit (as measured by RMS) have all decreased throughout time.
E A RT H Q UA K E C ATA L O G U E
Figs 5(a) and (b) show, respectively, that both the completeness magnitude and the rate of recorded earthquakes changed abruptly in 1996 and 2008. These periods correspond to major network improvements (Fig. 2) . By the end of 1995 the seismic network had been upgraded with the deployment of the first digital seismic stations, covering the whole mainland region. And by early 2008 the broad-band network had been largely expanded. Thus, we divided the catalogue into three different periods, characterized by different completeness magnitudes: (1) M c > 2.5, between 1961 and 1995; (2) 1.5 < M c < 2.5, between 1996 and 2008; and (3) M c < 1.5, between 2009 and 2013. Table 1 shows that 2154 earthquakes were recorded during the first 35-yr period, 6630 earthquakes were recorded in the second 13-yr period, and 6096 in the third 5-yr period. Supporting Information Fig. S2 shows, for each of the three periods, a histogram with the number of recorded earthquakes versus magnitude, the cumulative number of earthquakes versus time, and the fit to the Gutenberg-Richter law, depicting the number of recorded earthquakes (both absolute and cumulative) versus magnitude. Notably, in the most recent time interval (2009) (2010) (2011) (2012) (2013) , the rate of recorded earthquakes is extremely stable (Supporting Information Fig. S2h ). Supporting Information Fig. S2 indicates that the increase in the number of recorded earthquakes throughout time does not reflect a real increase in the rate of earthquake occurrence, rather it reflects an improvement in recording ability, with the detection and location of smaller magnitude earthquakes. During the dense WILAS experiment (2010-2012), inter-station spacings averaged approximately 60 km (Custódio et al. 2014) . Such dense coverage resulted in a weak seasonal fluctuation of the completeness magnitude (Fig. 6a) . In this period, the completeness magnitude deteriorated during the northern hemisphere winter, when oceanic noise levels are high in the Portuguese network, and improved during the northern hemisphere summer, when oceanic noise levels are lower (Custódio et al. 2014) . The minimum completeness magnitude was recorded in June/July in 2010 and 2011. In 2012 the minimum completeness magnitude was recorded a few months in advance, which is probably related to the withdraw of temporary stations that took place at that time. A daily fluctuation of the number of recorded earthquakes is also visible after 1996, with more earthquakes detected during the night (Figs 6b-d) , when less high-frequency seismic noise affects many Portuguese stations (Custódio et al. 2014) . This daily fluctuation disappears if we consider only earthquakes with magnitude larger than 2 (Figs 6e-g ) or earthquakes that occurred before 1996, when M c > 2.5 (Fig. 6b) . Curiously, for earthquakes recorded after 1996, the completeness magnitude slightly increases at lunch time, which is likely related to the higher cultural noise levels recorded during lunch break (Díaz et al. 2010) . , the completeness magnitude slightly drops during the northern hemisphere summer and increases during the northern hemisphere winter, probably in consequence of the higher levels of oceanic microseismic noise recorded during the winter (Custódio et al. 2014) . Subplots (b-d) show the number of earthquakes in the catalogue versus hour of day (UTC), for each of the three considered periods: 1961-1995 (b), 1996-2008 (c) and 2009-2013 (d) . The number of detected earthquakes clearly decreases during daytime in the second and third periods (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . This trend disappears if we only take into account earthquakes with magnitudes greater than 2 (e-g), suggesting that the relatively low number of earthquakes recorded in the most recent periods during daytime results from the high amplitude of high-frequency anthropogenic noise (Custódio et al. 2014) .
In order to image the geographical distribution of earthquake locations errors, we computed average areas of 90 per cent confidence ellipses, average azimuthal gap and average RMS on 0.5
• × 0.5
• grid cells (Fig. 7) . , probably due to the higher magnitude of the earthquakes recorded in this period (high completeness magnitude). The most recent period, in which low-magnitude earthquake are recorded, is characterized by low azimuthal gaps for onshore earthquakes and high azimuthal gaps for offshore events, as expected. The RMS of events recorded in the most recent period is quite low and homogeneous.
by guest on August 17, 2015 http://gji.oxfordjournals.org/ Downloaded from first period of observation is characterized by relatively low azimuthal gaps, which is likely related to the higher completeness magnitude threshold of this period. Finally, Figs 7(d)-(f) show average RMS. As expected, in the most recent period (2009) (2010) (2011) (2012) (2013) the RMS is significantly lower than for previous periods. The first period is characterized by RMS values that are lower than those of the second period. This is likely explained by the higher completeness magnitude and lower quantity of data available in the first period (less data is often easier to fit, although the resulting solutions are often less robust). Fig. 2 maps the epicentres of all earthquakes that occurred in each of the three different time periods identified before. While epicentres are quite disperse in the first period , they start collapsing into lineations and clusters in second period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , which become even tighter in the third period (2009) (2010) (2011) (2012) (2013) . The number of earthquake epicentres (density of nucleation points) and cumulative seismic moment, considering only earthquakes that occurred in the most recent period (2009) (2010) (2011) (2012) (2013) , is shown on Fig. 8 . In order to compute the seismic moment released at each grid cell, we assumed a gross 1:1 relationship between M L and M w . These maps evidence in different and complementary ways the locations of epicentre clusters and lineations.
C L U S T E R S A N D L I N E AT I O N S O F E P I C E N T R E S
The previous analysis of the earthquake catalogue indicates that the quality of the location of earthquakes that occurred between 1961 and 1995 is considerably lower than that of more recent earthquakes, leading to a blurry image of microseismicity. Thus, we will not use this period for our interpretation. Instead, we focus on the higher-quality epicentres of earthquakes that occurred between 1996 and 2013. Although the quality of earthquake locations is better between 2009 and 2013, we chose to analyse the whole 1996-2013 period because the locations of earthquakes that occurred in the second period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) do not seem to deteriorate significantly the resolution of clusters and lineations (Fig. 2) and because it allows us to retain a longer earthquake record. Fig. 8(c) shows the epicentres of earthquakes that occurred between 2009 and 2013 (red) , overlaid on those that occurred between 1996 and 2008 (blue). We visually inspected epicentre density (Fig. 8a) , cumulative seismic moment (Fig. 8b ) and epicentral locations (Fig. 8c ) in order to identify clusters and lineations of epicentres (Fig. 8d, Table 2 ). Of the total 12 726 earthquakes recorded between 1996 and 2013, 7457fall inside the identified clusters and lineations, amounting to a bit more than half of all recorded earthquakes. The identified clusters and lineations are coarse features of the seismicity of Portugal, which have proved to be robust in preliminary tests using different location methods and data subsets. Also according to preliminary tests, non-robust features of the present earthquake catalogue include: (1) absolute epicentral locations of offshore events-OBS data show that cluster K should be located slightly further SW than its present catalogue location (Geissler et al. 2010) , nevertheless the existence and direction of this cluster seems robust; (2) depth of offshore earthquakes-the current depth of offshore earthquakes have errors that are too large to allow a proper seismotectonic interpretation (in fact, the depth of many of these events is fixed because it cannot be properly resolved); (3) clustering-in general, more advanced location techniques result in a stronger tightening of epicentres within clusters and lineations. We refrain from discussing non-robust features of the earthquake catalogue. Instead, we analyse only the robust gross features of clusters and lineations, leaving a detailed interpretation of individual lineations for future studies based on high-precision locations and cluster analysis. Both epicentral density and cumulative seismic moment decrease from south to north, with increasing distance from the plate boundary. There are two sharp transitions on both epicentre density and cumulative seismic moment, which are significantly higher south of AA and north of BB and CC (Fig. 8d) . Most clusters and lineations are oriented NNE-SSW and WNW-ESE, both onshore and offshore (Table 2) .
Next, we analyse the relationship between earthquake locations and geological and geophysical features of WIberia. Fig. 9 shows the epicentres of earthquakes recorded in 1995-2008 (blue) (Zitellini et al. 2009; Cabral 2012; Vilanova et al. 2014) , (e) historical seismicity (SHEEC catalogue, Stucchi et al. 2013 ) and (f) earthquakes with M > 3 that occurred between 1996 and 2013 (green dots). Supporting Information Fig. S3 also shows the epicentres of earthquakes recorded in 1995-2008 (blue) and 2009-2013 (red) , now overlaid on top of: (a) free air gravity (Sandwell et al. 2014) , and (b) magnetic anomalies (Maus et al. 2009 ). In the following subsections we discuss how the mapped microseismicity correlates with the above mentioned parameters.
Northern Portugal (Clusters A and B)
In northern Portugal, the Iberian Massif units are cut by the NNE-SSW oriented faults of Penacova-Régua-Verín (PRV) and Manteigas-Vilariça-Bragança (MVB) and by the NE-SW faults of Seia-Lousã (SL) and Ponsul (Po) (Arthaud & Matte 1977; Cabral 1989 Cabral , 2012 Vilanova et al. 2014) . These faults are interpreted as late-Paleozoic faults, created during the last stages of the Variscan orogeny. They are thought to have been later reactivated either with sinistral strike-slip motion (NNE-SSW oriented faults: PRV, MVB) or reverse motion (NE-SW oriented faults: SL, Po) (Ribeiro et al. 1979; Cabral 1989; Ribeiro et al. 1990) .
Lineation A presents a NS orientation and on its southern half coincides with the Porto-Tomar (PT) fault, a rheological boundary that marks the northeastern limit of the Lusitanian basin. The northern section of lineation A is slightly more diffuse than its southern section, deviating from the mapped PT fault and continuing directly north. Three earthquakes of M > 3 (recorded after 1996) are located along this lineation, and one historical earthquake is located near its northern end (1909, M5.2). Lineation B is the most tenuous of all identified clusters. It coincides with the MVB and SL faults, containing a few instrumental earthquakes of M > 3 on the MVB section. There are also two records of historical earthquakes, one on the MVB fault (1858, M5.4) and another on the SL fault (1909, M5.2). Paleoseismological investigations show evidence of large earthquakes (M7+) on the MVB fault since 15 ka (Rockwell et al. 2009 ). The PRV fault is not associated with any clear lineation of epicentres, although seismic events clustered in time sometimes occur near this fault.
Southern Lusitanian Basin and lower Tagus Valley (Cluster C)
Part of the southern Lusitanian basin was structurally inverted during the Cenozoic, resulting in the uplift of a SW-NE elongated block (Curtis 1999 ). This inversion is thought to have re-activated Variscan fractures, namely the Nazaré-Caldas da Rainha-Vimeiro fault (NCRV) to the NW and the Lower Tagus Valley (LTV) fault to the SE. The relatively lowered block SE of the LTV fault was filled with quaternary deposits, currently forming the Lower Tagus Valley basin (Cabral et al. 2003; Vilanova & Fonseca 2004; Carvalho et al. 2008) . Epicentral locations inside Cluster C are quite disperse and coincide with the Jurassic units (sandstones, limestones and marls) of the uplifted Montejunto, Candeeiros and Aire ranges. This cluster may be composed of two smaller clusters, however current earthquake locations do not allow for a clear subdivision. Most instrumental earthquakes of M > 3 occur on the northern part of the cluster. Major earthquakes occurred in the Lower Tagus Valley region in the historical period, including the 1531 M6.5-7.1 and the 1909 M6 earthquakes. However current earthquake locations do not align over geologically mapped faults, nor do they collapse into clear lineations.
Alentejo (Clusters D, E, F and G)
Two clear lineations (D and G) and two non-directional clusters (E and F) are identified in Alentejo. None of these clusters and lineations coincide with geologically mapped faults. Clusters D, E and F occur NW the Messejana (Alentejo-Placencia, AP) fault. In fact, the Messejana fault seems to separate a region with a lower rate of seismic activity, to its SW, from a region with a higher rate of seismic activity, to its NW. The Messejana fault is a major structure that crosses the SPZ and OMZ in SW Iberia. Current studies indicate that the fault is active in Spain but inactive in Portugal, although the level of activity of the fault remains under debate (Villamor 2002; Vilanova et al. 2014) . Nevertheless, the fault may act as a barrier to fluids or stress transfer. Alignement D (Arraiolos) is oriented WNW-ESE. Immediately to its south, cluster E (Viana do Alentejo) is quite more diffuse and lays above a positive magnetic anomaly (Supporting Information Fig. S3b) , which is likely associated with the granitoids mapped at the surface. Clusters D and E both contain instrumental earthquakes with M > 3 and historical earthquakes with M > 5. The direction of lineation D is parallel to the direction of the geological units mapped at the surface and to the Variscan suture zones. Both clusters D and E are located in a region of outcropping granitoids (granites, granodiorites and tonalites). Clusters F and G contain instrumental earthquakes of M > 3 but no historical earthquakes with M > 5. Cluster F is located next to the border of the Cenozoic sedimentary cover and cluster G lays between the Messejana fault, to its north, and cluster H (Monchique), to its south.
Algarve (Clusters H and I)
Cluster H is the most active of all identified clusters. Although it occupies a very small area, it comprises 1804 earthquakes, corresponding to 12 per cent of all recorded earthquakes. It is located on the Monchique magmatic complex, which presents active hydrothermal activity. This cluster had been previously identified by Carrilho et al. (2004b) , who obtained strike-slip faulting mechanisms for its earthquakes. This cluster seems to be composed of two lineations, one oriented NNE-SSW and another oriented EW.
Cluster I is composed of earthquakes whose locations are currently very disperse, precluding any interpretation. There are both instrumental earthquakes of M > 3 and historical earthquakes with M >5 in the Algarve region, however at this point they cannot be clearly associated with microseismic lineations or geologically mapped faults.
Offshore (Clusters J to P)
The seismicity off the western coast of Portugal is mostly limited to the Esporão da Estremadura and to the Galicia bank, with the abyssal plains showing no evidence of seismic activity. Most earthquakes in Portugal occur offshore, south and southwest of mainland, forming clusters J through P. Most of these clusters contain several M > 3 instrumental earthquakes. Clusters N and M are those that contain fewer M > 3 earthquakes. Several historical earthquakes with M > 5 have occurred in the offshore region, however their locations are poorly constrained due to the lack of instrumental data, and therefore we refrain from interpreting them. Cluster J lays under the Gorringe (Go) bank. Cluster L, one of the most active in terms of cumulative seismic moment and rate of earthquake occurrence (Fig. 8) , lays at the NE end of the Horseshoe (Ho) fault. Some earthquakes located inside cluster L were relocated using a temporary local OBS network (Geissler et al. 2010 ). The OBS locations, which Figure 9 . Relation between earthquake epicentres and geological and geophysical features of WIberia. Epicentres of earthquakes that occurred in 1996-2008 (blue) and 2009-2013 (red) are overlaid on (a) Topography: the detailed bathymetry of the Gulf of Cadiz (inside grey lines, Zitellini et al. 2009 ) is overlaid on the global model SRTM30+ (Smith & Sandwell 1997; Becker et al. 2009 (Cabral 2012; Duarte et al. 2013; Vilanova et al. 2014 ) (fault names as in Fig. 1) ; (e) historical seismicity (SHEEC catalogue; Stucchi et al. 2013) ; (f) epicentres of earthquakes with M > 3 that occurred between 1996 and 2013 (green dots).
are presumably more accurate than the catalogue locations obtained from land data only, are generally deviated by ∼15 km to the SW with respect to land locations. If we assume that all earthquakes inside cluster L are in reality shifted to the SW by approximately 15 km, cluster L becomes even closer to the mapped NE end of the Horseshoe fault. Clusters K, N, M and O are not clearly associated with geologically mapped structures. However, the 1969 M S 7.9 earthquake is located near the NW end of cluster K. OBS by guest on August 17, 2015 http://gji.oxfordjournals.org/ Downloaded from epicentres of earthquakes inside cluster K are generally located ∼30 km SW of the corresponding catalogue epicentres obtained with land data only. If we shift the whole cluster K approximately 30 km to the SW, it starts to overlap the epicentres of the 1969 M S 7.9 and 2007 M W 6 earthquakes. The SWIM faults, which were recently proposed to act as the boundary between Africa and Iberia (Zitellini et al. 2009 ), do not appear to be associated with microseismicity. In fact, present catalogue epicentres indicate that the SWIM faults are crossed by lineations K and O, although better earthquake locations are needed to support this observation. In particular, better hypocentral locations for offshore events should clarify wether lineations K and O are continuous or discontinuous across the SWIM faults. No microseismicity is observed on the accretionary wedge, which has been proposed as one of the possible sources of the 1755 great Lisbon earthquake (Gutscher 2004) . The active earthquake cluster P (10 per cent of all recorded earthquakes) coincides with a strong positive gravity anomaly that correlates poorly to topography, and which has been interpreted as a basement high (Dañobeitia et al. 1999; Gràcia et al. 2003) . Cluster P is located close to the Cadiz fault, a north-dipping shallow thrust fault that bounds the northern flank of this basement high (Terrinha et al. 2009; Duarte et al. 2013) . Two moderate earthquakes can be associated with cluster P: a M6.3 earthquake that occurred in 1964 and a M6.5 earthquake that took place in 1722, although the location of the latter is highly uncertain due to the lack of instrumental data The offshore seismicity displays intriguing features. Better depth estimates for the offshore earthquakes, as well as better estimates of absolute epicentral locations, should allow for a better understanding of the relation between offshore clusters and seismotectonic features.
D I S C U S S I O N A N D C O N C L U S I O N S
We presented in this paper a new image of the seismicity of WIberia, based on the analysis of IPMA's instrumental earthquake catalogue, which spans from 1961 to 2013. The quality of the catalogue evolves in time in consequence of improvements in the quality of seismic instruments, network coverage and operational procedures. The rate of earthquakes recorded in the catalogue steadily increases throughout time due to the recording of smaller magnitude earthquakes. We showed that the catalogue can be divided into three main periods with different characteristics, including different completeness magnitudes.
While the first period , based on fewer and lower quality data, shows very disperse earthquake locations, the most recent period (2009) (2010) (2011) (2012) (2013) , based on a dense, high-quality, broadband network, shows clear lineations and clusters of earthquakes. Approximately half of all recorded earthquakes recorded between 1996 and 2013 collapse into clusters and lineations. Over the last decades both the plate boundary and the seismicity of WIberia were repeatedly described as diffuse (e.g. Grimison & Chen 1986; Buforn et al. 1988; Sartori et al. 1994; Borges et al. 2001) . The plate boundary is diffuse in the sense that the motion between plates is accommodated by several distributed faults, apparently disconnected from each other (Sartori et al. 1994) . However, a significant portion of earthquakes seem to collapse into well defined lineations and clusters, as had already been hinted by Carrilho et al. (2004b) . In this sense, the seismicity itself is not diffuse, it was simply poorly located in previous catalogues.
We identified and characterized the most noticeable clusters and lineations, and we correlated them to geophysical and geological features of WIberia. Both onshore and offshore, clusters and lineations of epicentres are preferentially oriented NNE-SSW and WNW-ESE. GPS data indicates that WIberia is undergoing oblique convergence, oriented NW-SE to WNW-ESE, with respect to Nubia (Fernandes et al. 2007; Serpelloni et al. 2007; Nocquet 2012) . According to available focal mechanisms this convergence is accommodated by a mix of strike-slip and reverse earthquakes (e.g. Borges et al. 2001; Stich et al. 2003 Stich et al. , 2010 Domingues et al. 2013) . It is plausible that NNE-SSW lineations, which are perpendicular to plate convergence, accommodate mostly reverse faulting and that WNW-ESE lineations, parallel to plate convergence, accommodate mostly strike-slip faulting. Jointly, the two types of lineations would account for the transpressive plate boundary deformation. However, it is not clear that this simple interpretation will apply to all lineations, particularly to onshore lineations where most focal mechanisms indicate strike-slip faulting. Small magnitude earthquakes may occur on ancient faults which are favourably oriented under the current stress regime and/or which are weaker or closer to failure. Further analysis of individual clusters, namely studies of focal mechanism clustering and similarity of waveforms, is needed in order to better understand the fracture patterns.
Cumulative seismic moment and density of nucleation points (hypocentres) decrease from south to north, with increasing distance to the plate boundary, and display sharp boundaries identified as AA , BB and CC in Fig. 8(d) . These limits may correspond to rheological boundaries at depth, although the CC limit, located onshore, does not correspond to a geological boundary at surface. Some clusters (A, B) can be associated with geologically mapped faults and rheological contrasts (Porto-Tomar, Manteigas-VilariaBragança). However, at this point most clusters cannot be clearly associated with geologically mapped faults. Bewilderingly, some of the identified clusters cross geologically mapped faults. This may reflect a difference in the geometry of the faults at the surface and at depth. It may also indicate that the faults mapped at the surface are currently silent (locked) or presently not active.
One important question raised by the current earthquake map concerns the meaning of clusters and lineations of low-magnitude earthquakes. Clusters and lineations of earthquakes are typically associated with active faults where large earthquakes are likely to occur. Is this also the case for the earthquake clusters that we image in the slowly deforming region of WIberia? Or do earthquake clusters in this setting simply reflect rheological boundaries, as seems to be the case of cluster A (Porto-Tomar fault) and possibly cluster H (Monchique)? Or are these clusters caused by the different rheologies of different blocks, with the more brittle blocks fracturing more easily than neighbour blocks that are not as brittle? Future studies should aim at answering these questions.
Our results highlight the potential that studies of microseismicity have to illuminate seismotectonic features in slowly deforming regions. We underline that the results presented in this article simply reflect the higher quality of the data collected in recent years. The presented earthquake locations can still be further improved using more advanced location methods, for example differential locations (Waldhauser & Ellsworth 2000) , global inversion methods (Lomax et al. 2000) and realistic 3-D velocity models (Zhang & Thurber 2003) . Such a re-evaluation of the catalogue is currently underway for some of the regions of interest identified in this article. We expect that more accurate earthquake locations and dedicated cluster analysis will provide a significant input to a careful re-analysis of the seismotectonics of WIberia.
Most clusters and lineations of earthquakes can be identified from the earthquake map based on the most recent 5 yr of by guest on August 17, 2015 http://gji.oxfordjournals.org/ Downloaded from observations (2009) (2010) (2011) (2012) (2013) . This suggests that by imaging small earthquakes in detail temporary dense deployments have the potential to provide relevant information on the lithospheric deformation of slowly deforming regions, where traditional methods are challenged (GPS and InsSAR, study of large-earthquake instrumental records, geomorphological studies, etc.). The effort to undertake is mostly observational, but also computational. Observationally, we foresee that the deployment of dense inexpensive networks around specific clusters will allow a high-resolution characterization of microseismicity, which can be observed on a short time scale even in a slowly deforming region (in opposition to large earthquakes that have long recurrence times). Computationally, the algorithms to be employed should aim at two main goals: (1) lowering the completeness magnitude, for example by using matched filtering or automated waveform coherency techniques, and (2) obtaining more accurate locations, using global inversion methods, differential arrival times and accurate 3-D Earth models.
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